The proteolytic activity of matrix metalloproteinases (MMPs) towards extracellular matrix components is held in check by the tissue inhibitors of metalloproteinases (TIMPs). The binary complex of TIMP-2 and membrane-type-1 MMP (MT1-MMP) forms a cell surface located 'receptor' involved in pro-MMP-2 activation. We have solved the 2.75 Å crystal structure of the complex between the catalytic domain of human MT1-MMP (cdMT1-MMP) and bovine TIMP-2. In comparison with our previously determined MMP-3-TIMP-1 complex, both proteins are considerably tilted to one another and show new features. CdMT1-MMP, apart from exhibiting the classical MMP fold, displays two large insertions remote from the active-site cleft that might be important for interaction with macromolecular substrates. The TIMP-2 polypeptide chain, as in TIMP-1, folds into a continuous wedge; the A-B edge loop is much more elongated and tilted, however, wrapping around the S-loop and the β-sheet rim of the MT1-MMP. In addition, both C-terminal edge loops make more interactions with the target enzyme. The C-terminal acidic tail of TIMP-2 is disordered but might adopt a defined structure upon binding to pro-MMP-2; the Ser2 side-chain of TIMP-2 extends into the voluminous S1Ј specificity pocket of cdMT1-MMP, with its Oγ pointing towards the carboxylate of the catalytic Glu240. The lower affinity of TIMP-1 for MT1-MMP compared with TIMP-2 might be explained by a reduced number of favourable interactions. Keywords: crystal structure/matrix metalloproteinase/ progelatinase A activator/proteinase complex/tissue inhibitor of metalloproteinases
Introduction
Matrix metalloproteinases (MMPs, matrixins) form a family of zinc endopeptidases implicated in connective tissue remodelling (Woessner, 1991; Nagase, 1997) . These
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MMPs have been subgrouped, according to their structural and functional properties, into the collagenases, gelatinases, stromelysins and matrilysin/elastase (together making up the 'classical' MMPs), and the membrane-type MMPs (MT-MMPs). MMPs are synthesized as pro-proteinases consisting of an N-terminal propeptide followed by the catalytic domain (cd), which in turn (except for matrilysin) is linked to a C-terminal haemopexin-like domain.
The most recently detected MT-MMPs (Sato et al., 1994) , which presently comprise three closely related (MT1-, MT2-and MT3-MMP, see Figure 4 ) and one more diverse species (MT4-MMP), exhibit considerable differences to the classical MMPs; they possess a C-terminal extension including a trans-membrane domain, have a different activation cleavage site, and show unique sequence features in their catalytic domain (Sato et al., 1994) . ProMT1-MMP is expressed in various tissues including carcinoma and/or tumour stroma cells (Okada et al., 1995; Takino et al., 1995) . It has been shown to be processed at Arg111-Tyr112 by furin-like convertases, and localized as the mature MT1-MMP on cell surfaces (Pei and Weiss, 1996; Sato et al., 1996) . MT1-MMP is capable of proteolyzing extracellular matrix proteins such as gelatin, fibronectin, proteoglycans, aggrecan and collagens of type I, II and III (Pei and Weiss, 1996; Ohuchi et al., 1997; d'Ortho et al., 1997) . Soluble proMT1-MMP seems to possess some autoactivating properties, giving rise to MT1-MMP species starting with Ala113 or Ile114 (Lichte et al., 1996) .
Virtually all MMPs form tight 1:1 complexes with the tissue inhibitors of metalloproteinases (TIMPs) (see references in Murphy and Willenbrock, 1995) , which currently comprise four different species (TIMPs-1 to -4) exhibiting 41-52% sequence identity (see Figure 5 ). This inhibition is not particularly selective; the only exception known to date is the rather weak interaction of TIMP-1 with MT1-MMP Will et al., 1996) . The TIMPs are multifunctional proteins, with other functions such as growth factor-like activity or inhibition of angiogenesis (see references in Gomez et al., 1997; Cawston, 1998) . All TIMP-2 species known so far (of bovine, human, mouse and rat origin) exhibit 194 residues, are non-glycosylated, and possess an elongated negatively charged tail (Stetler-Stevenson et al., 1989; Boone et al., 1990) . TIMP-2 is unique in that it can also bind to the pro-form of gelatinase A (pro-MMP-2), presumably via secondary exosites on both C-terminal domains (Kolkenbrock et al., 1991; Murphy et al., 1992; Fridman et al., 1992) . The TIMP-2 complex with MT1-MMP acts as a cell surface-bound 'receptor' involved in the processing of progelatinase A (Strongin et al., 1993 (Strongin et al., , 1995 Kinoshita et al., 1996; Will et al., 1996) ; the activated gelatinase A is believed to be crucial for various remodelling processes, but also for chronic degenerative diseases, and tumour invasion and metastasis, rendering MT1-MMP an early player in the tumour scenario and thus an interesting target for tumour therapy.
Our recently published crystal structure of the MMP-3-TIMP-1 complex (Gomis-Rüth et al., 1997) revealed the principal mechanism of TIMP inhibition and the general interaction geometry between MMPs and TIMPs, and for the first time showed the complete fold of a TIMP inhibitor. Of TIMP-2, only a preliminary NMR structure of its N-terminal part has been published so far (Williamson et al., 1994 (Williamson et al., , 1997 , and no crystal structure of an MT-MMP (fragment) is known to date. We have now crystallized the complex formed between the recombinant catalytic domain of MT1-MMP (cdMT1-MMP) and fulllength TIMP-2 derived from bovine seminal plasma (BSP; Calvete et al., 1996) , and have determined its X-ray crystal structure. This crystallographic cdMT1-MMP-TIMP-2 structure allows us to identify the structural determinants of each individual protein component and their interactions, but simultaneously shows the key features of the membrane receptor thought to play an important role in progelatinase A activation.
Results

Overall structure
In the cdMT1-MMP-TIMP-2 complex, the elongated wedge-shaped TIMP-2 inhibitor slots into the active-site cleft of the catalytic domain of MT1-MMP ( Figure 1A ). The solvent-accessible surface of each component is reduced in the complex by~1250 Å 2 . In general, this complex looks similar to that of our previous MMP-3-TIMP-1 complex (Gomis-Rüth et al., 1997) ( Figure 1B ). Noteworthy differences are a much more elongated sAsB loop of TIMP-2 grabbing toward the surface of the MMP β-sheet, and an adjacent MT-characteristic insertion loop of cdMT1-MMP protruding from this surface (for nomenclature, see Figure 1A ). A detailed comparison not only shows that each structural component has a number of unique features (see below), but also that proteinase and inhibitor are arranged differently; if both MMP components are optimally superimposed, both inhibitors are tilted according to rotations of~20, 10 and 5°about SerI4 (with the prefix I indicating inhibitor residues) around a vertical, a perpendicular and a horizontal axis ( Figure 1B ).
The MT1-MMP catalytic domain
Like the classical MMPs, the cdMT1-MMP is a spherical molecule notched at its periphery to give a short activesite cleft, which separates a small 'lower' subdomain from the 'upper' main molecular body. As in the other MMPs, this larger part essentially consists of a highly twisted five-stranded mixed β-pleated sheet, flanked by three surface loops on its convex side and by two α-helices on its concave side. The polypeptide chain starts on the molecular surface (on the left hand side of Figure   Fig 
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1A) visible from its first residue (Ile114) onwards, passes β-strand sI, helix hA, β-strands sII, sIII, sIV and sV, until entering the 'active-site helix' hB (for the extension of these secondary structure elements see Figure 4 ). The spur-like MT-MMP-specific loop (see below) bridges sI to connect the peripheral strand sII with the central strand sIII, which is linked with sIV via an 'S-shaped double loop' followed by the cleft-sided 'bulge' strand which continues into the antiparallel 'edge' strand sIV. The chain then loops over to sV, which is connected through a large open loop with hB, which in turn provides the 'catalytic' Glu240 and two (His239 and 243) of the three imidazol ligands of the 'catalytic zinc' ZN001 (Figure 3) . This active-site helix, hB, stops abruptly at Gly246 where the chain bends down, runs (under provision of the third zinc ligand, His249) through a wide spiral terminating in the 1,4-tight 'Met-turn' Ala-Ile-Met257-Ala (Figure 1A ). The chain then turns back to the molecular surface to segment Pro259-Phe260-Tyr261 (forming the outer wall of the S1Ј pocket, Figures 2B and  3) , and runs through another wide loop before it passes the C-terminal α-helix C, which ends at Tyr283-Gly284. The following linker segment deviating from the molecular surface is partially defined up to Ser287, before it fully disappears in the bulk water.
The active-site cleft of cdMT1-MMP (see Figure 2 ) has a shape similar to that of the classical MMPs. Bounded at the upper rim by the bulge-edge segment, and at the lower side by His249 and the S1Ј wall-forming segment, it is relatively flat to the left (non-primed subsites), but carves into the molecular surface at the catalytic zinc and to the right side (primed subsites). To the right of the catalytic zinc (Figure 2 ) lies the S1Ј pocket, which is very similar in size and lining to that of MMP-3; it likewise extends to the opposite surface of the domain more resembling a continuous pore, and is well suited to accommodate quite elongated P1Ј side chains (Mucha et al., 1998) . Further to the right, another pocket opens which could provide a specific S3Ј subsite. Noteworthy is the Phe260 benzyl side chain of the wall-forming segment, which extends away from the molecule; this Phe residue is conserved among MT1-, MT2-and MT3-MMP and stromelysin-3, but is replaced by medium-sized and/ or more polar residues in the classical MMPs.
cdMT1-MMP contains four highly occupied metal sites binding two zinc and two calcium ions ( Figure 1 ) in a similar manner to the classical MMPs, but lacks a third calcium binding site. The catalytic zinc ZN001 resides in the central part of the active-site cleft liganded by the imidazoyl Nε2 nitrogens of His239, His243 and His 249, and CysI1 N and O of the inhibitor (see below and Figure 3 ). The second 'structural zinc', ZN002, is packed between the first loop of the S-shaped double loop and the β-sheet surface, surrounded in a tetrahedral manner by the imidazoyl Nε2 nitrogens of His186 (S-loop) and His201 (sIV), the Nδ1 nitrogen of His214 (sV), and one carboxylate oxygen of Asp188 (S-loop), with the S-loop Fig. 2 . Binding of the interacting edge segments of TIMP-2 (stick models with carbons in yellow, nitrogens in blue, oxygens in red, and sulphurs in green, labels in white) and the zinc (pink spheres) to the substrate binding region of MT1-MMP (green model, black labels), which is viewed through the half-transparent enzyme surface (blue). The catalytic (ZN001) and the structural zinc (ZN002), and one of both calcium ions (KA003) are shown as pink and red spheres, respectively. For the sake of simplicity, not all contacting segments are shown. This (standard orientation) view is achieved after an~90°rotation of the complex in Figure 1 around a horizontal axis, so that now the active-site cleft runs across the MMP surface.
Figures made by a combination of GRASP (Nicholls et al., 1993) and MOLSCRIPT (Kraulis, 1991) . (A) Interaction of the sA-sB loop (represented by residues IleI35 to IleI43, left), the sC-connector loop (residues AlaI68 to CysI72, centre) and the N-terminal segment (CysI1 to ProI5, right) with the 'left side' part of the active-site cleft. (B) Interaction of the N-terminal segment (CysI1 to ProI5), the sG-sH loop (ArgI132 to IleI136) and the multiple turn loop (TrpI151, ThrI153 to IleI157) with the 'right side' part of the active-site cleft. (Evans, 1993). arranged in a slightly different conformation from that known of the classical MMPs. The C-terminal part of this S-shaped double loop encircles calcium ion KA003, while the second calcium, KA004, is bound between the bulged sIV-sV loop and sIII ( Figure 1A) .
The overall polypeptide fold of cdMT1-MMP is similar to that of the classical MMPs ( Figure 1B) , and both share virtually identical regular secondary structure elements (Figure 4) . If 23 or 32 residues are omitted from a comparison with MMP-8 and MMP-3 (Gomis-Rüth et al., 1997) , the residual MT1-MMP C α atoms show r.m.s. deviations of 0.72 and 0.71 Å, respectively. After the first three residues (Ile114 to Gly116) the N-terminal chain of cdMT1-MMP runs in a similar manner as in the classical MMPs. The most significant deviation occurs in the sII-sIII loop, which in MT1-MMP bridges over strand sI, and winds around the side chains of residue 127 (Cys in MT1-MMP) and Met178, but is considerably longer with 16 residues between Arg160 and Ile177 replacing eight equivalent residues in the classical MMPs. Most of the inserted residues of this 'MT-loop' characteristic for MT-MMPs (see Figure 4) are accommodated between Tyr164 and Gln174, where the chain bulges out into solution and is quite flexible due to lack of direct support by the molecular surface. The underlying thiol group of Cys127, which replaces an Arg residue in the classical MMPs but Ser residues in MT2-and MT3-MMP (Figure 4) , is directed towards the Ala165 NH group, apparently stabilizing the MT-loop via a hydrogen bond. Between Trp221 and Gly230, the sV-hB connecting loop of cdMT1-MMP comprises eight residues compared with five or six in the classical MMPs (Figure 4) , giving rise to a larger extension. The open loop, which connects the wall-forming segment with helix C, differs in MT1-MMP from that of MMP-3 ( Figure 1B ), but is similar to that of MMP-8 .
The TIMP-2 structure The TIMP-2 molecule exhibits a wedge-like shape. It consists of an N-terminal segment (CysI1 to ValI6), an all-β-structure left-hand part (AspI16 to ThrI109), an allhelical centre (HisI7 to AlaI15, and SerI111 to CysI126), and a β-turn structure to the right ( Figure 1A ). Similar to TIMP-1, the TIMP-2 polypeptide chain forms with CysI1-SerI2-CysI3-SerI4 the central part of the inhibitor edge, turns towards the molecular centre and passes α-helix I, before it forms the five-stranded β-pleated sheet of Greek-key topology (comprising mostly antiparallel β-strands sA to sF, see Figures 1A and 5) rolled into a closed β-barrel of elliptical cross-section also called OBfold (see Williamson et al., 1994; Gomis-Rüth et al., 1997) . The narrower opening of this barrel is bounded by a multiple-turn segment, while its wider exit is bordered by an extended 'connector', which connects strands sC and sD.
After leaving strand sF, the polypeptide chain runs back to the centre, passes helices II and III, forms a β-strand-loop-parallel β-strand motive (sG...sH), participates in the edge region in a wide multiple-turn loop, and terminates in β-hairpin-sheet sI...sJ ( Figure 1A) . From AlaI181-AlaI182 onwards, the increasingly flexible TIMP-2 polypeptide chain leaves the molecular surface, with continuous electron density disappearing around ProI184 in the surrounding bulk water. The last 10 residues of TIMP-2 do not exhibit a defined conformation.
As in TIMP-1, the N-terminal CysI1-SerI4 segment is flanked by the sA-sB loop and the sC-connector loop on Fig. 4 . Alignment of the catalytic domains of the MT1,2,3-MMPs (Okada et al., 1995; Takino et al., 1995; Will and Hinzmann, 1995) and MMPs 1, 3, 7 and 8 made according to topological equivalency. Strands (arrows) and helices (cylinders) are indicated for MT1-MMP (top) and MMP-3 (bottom), and residues strongly and weakly involved in sub 4.0 Å intermolecular atom-atom contacts are marked by filled and open triangles. Open boxes indicate segments of MT1-MMP strongly deviating from MMP-3, and strictly conserved residues are boxed in orange. The numbering is that of the naturally expressed MT1-MMP (Okada et al., 1995) . Figure produced with ALSCRIPT (Barton, 1993) . the left-hand side, and by the sG-sH loop and the multiple turn loop on the right-hand side. These five segments together form the molecular edge, under some divergence of the pointed sA-sB hairpin ( Figure 1A ). The N-terminal strand is tightly connected to the neighbouring sCconnector loop and to the underlying E-F loop via disulfide bridges CysI1-CysI72 and CysI3-CysI101, respectively.
In spite of the 40% sequence identity (Figure 5 ), the topological congruence between TIMP-2 and TIMP-1 is considerably lower than that between MT1-MMP and MMP-3; optimal superposition requires omission of 60 residues, so that the residual 120 C α atoms show an r.m.s. deviation of 1.1 Å upon optimal superposition. Particularly noteworthy are the much longer sA-sB loop and the twisted sG-sH loop at the edge side, the modified sD-sE loop in the molecular centre, and the less exposed sB-sC loop, the tipped up sI-sJ loop and the protruding C-terminus on the wedge side (see Figure 1B) . The sAsB β-hairpin loop of TIMP-2, elongated (compared with 5243 TIMP-1) between ValI29 and ArgI42 through the insertion of seven additional residues, does not follow the OB barrel surface curvature but is twisted and extends away. Its tip, made up of residues AspI34-IleI35-TyrI36-GlyI37, forms a 1,4 tight turn (Figure 2A) . The partially disordered sGsH loop of TIMP-2 is of similar overall conformation as in TIMP-1 (with ProI137 apparently in cis conformation) but somewhat rotated about its long axis, while the adjacent multiple-turn loop is better defined than that of TIMP-1 ( Figure 1B) . Remarkable is the novel 'pore' (not shown) of TIMP-2 left in the crook formed by the almost perpendicular N-terminal segments CysI1-SerI4 and ProI5-HisI7 and bounded by strand sF, created due to a considerable displacement of the ProI5-ValI6 segment compared with TIMP-1 ( Figure 1B) .
The cdMT1-MMP-TIMP-2 interface
As in the cdMMP-3-TIMP-1 complex, the TIMP-2 component interacts with its cognate cdMT1-MMP (Boone et al., 1990 ) and human TIMP-2 (Stetler- Stevenson et al., 1989) with human TIMP-1 (Docherty et al., 1985) , 3 (Apte et al., 1994) and 4 (Greene et al., 1996) made according to (in part inferred) topological equivalency. Strands (arrows) and helices (cylinders) are indicated for TIMP-2 (top) and TIMP-1 (bottom), and residues strongly and weakly involved in sub 4.0 Å intermolecular atom-atom contacts are marked by filled and open triangles, respectively. Open boxes indicate segments of TIMP-2 strongly deviating from TIMP-1, and strictly conserved residues are boxed in orange. The numbering is that of the mature TIMP-2. Figure produced with ALSCRIPT (Barton, 1993) . through six sequentially separated segments (see Figures 4 and 5 for close contacts). Similar to the TIMP-1 complex, 97 (non-hydrogen) atom-atom contacts below 4.0 Å, i.e. 3/5 of all intermolecular contacts, are made by the Nterminal segment CysI1-ProI5, the sC-connector loop and the connecting disulfide bridge, while the sE-sF loop (nine contacts) and in particular the sA-sB loop (35 contacts) make more tight interactions (see Figure 2) . The corresponding numbers of contacts for the C-terminal sGsH loop (13 contacts) and the multiple-turn loop (12 contacts) are similar to MMP-3-TIMP-1; these latter two loops are better defined in cdMT1-MMP-TIMP-2, however.
The first five TIMP-2 residues CysI1 to ProI5 bind to the cdMT1-MMP active site similar to P1, P1Ј, P2Ј, P3Ј and P4Ј peptide substrate residues forming five intermain-chain hydrogen bonds, while the AlaI70-ValI71 segment interacts in a somewhat substrate-inverse manner with subsites S2 and S3 (Figure 2) . The AlaI68-ValI71 segment bulges into the enzyme, with AlaI70 Cβ poking against the Phe204 benzyl group and the ValI71 isopropyl group slotting into a hydrophobic groove formed by the enzyme side-chains of Tyr203 (sIV), His201 and the S-loop. CysI1 placed above the catalytic zinc provides its α-amino group and carbonyl oxygen as the fourth and fifth ligand to the catalytic zinc, with the α-amino group probably donating hydrogen bonds toward one carboxylate oxygen (Oε1) of the catalytic Glu240 (Figure 3) as well as to the carbonyl group of AlaI70. The SerI2 side chain of TIMP-2 is directed towards the large S1Ј pocket of MT1-MMP, with the electron density indicating that its Oγ atom is hydrogen bonded to Oε2 of the catalytic Glu240. Although only one solvent molecule can be localized, the deep S1Ј pocket (Figure 2A ) must also accommodate some disordered solvent molecules. The side chain of the central residue of the wall-forming segment Phe260, which is conserved in MT-MMPs-14 to -16 (Figures 3 and 4) , grasps around the N-terminal segment of TIMP-2 stoppering with its phenyl side chain the elbow pore of TIMP-2 mentioned above.
The long sA-sB hairpin loop of TIMP-2 folds over the rim of the active-site cleft and reaches up to the β-sheet of MT1-MMP. The exposed side-chain of TyrI36 slots into the surface gap left by the MT-loop, the side chains of Asp212 (sV) and Phe180 (sIII), and the S-loop of cdMT1-MMP ( Figures 1A and 2A) , making hydrogen bonds with the carboxylate oxygens of Asp212 besides a number of van der Waals contacts. With its ascending sA strand around IleI35 and the descending sB strand around IleI40, this loop touches the N-terminal part of MT1-MMPЈs S-loop, under formation of a single inter-mainchain hydrogen bond and polar interactions through the ArgI42 side chain. In spite of the relatively large overall interface between the sA-sB loop and the MT1 surface, most of the distinct contacts do not seem designed for optimal complementarity. The same is true for the two edge loops provided by the C-terminal part of TIMP-2; the multiple-turn loop, in particular, nestles with the clustered side-chains of TrpI151 and IleI157 towards the wall-forming segment and the Phe260 benzyl group of MT1-MMP ( Figure 2B ). TrpI151 and IleI157 are conserved within the TIMP-2 species, but are replaced by Gln and Asp/Glu residues, respectively, in TIMP-1 ( Figure 5 ).
Discussion
This analysis reveals that the cdMT1-MMP-TIMP-2 complex has an overall structure similar to the cdMMP-3-TIMP-1 complex solved previously. However, in spite of the relatively high sequence similarities to their respective protein relatives, each component exhibits unique features, and also the interaction interface displays remarkable differences.
Peculiar to the catalytic domain of MT1-MMP (and probably also of the other MT-MMPs) are conformation and length of the N-terminal segment, the characteristic MT-loop, and the sV-hB loop (see Figures 1A and 4) . The N-terminus, in our cdMT1-MMP starting with Ile114, might be truncated compared with the naturally occurring MT1-MMP; in a furin-activated MT1-MMP species the Nterminal Tyr112-Ala113-Ile114 tripeptide (after rotation of Ile114 and displacement of the side chain of Glu248) could span the distance to the carboxylate group of Asp274 (the intermediate Asp in the Asp triple in hC, see Figure  4 ) to form a surface-located salt bridge, in a similar manner as made by Phe79-Met80-Leu81 in MMP-8 ). An equivalent 'superactivity' of an adequately tailored MT-MMP remains to be shown experimentally, however. The exposed MT-loop replacing a short bridge in the classical MMPs projects away from the β-sheet surface, but does not extend into the activesite cleft. Larger protein substrates such as progelatinase A could certainly contact this loop; its conservation among the MT-MMPs underscores its possible importance as a secondary recognition exosite. The substrate binding region of MT1-MMP looks similar to that of the classical MMPs. Its voluminous S1Ј pocket, much larger than needed for accommodation of a P1Ј-Ile/Leu side-chain as in MMP-3, is in agreement with the observed cleavage preference of MT1-MMP for peptide substrates with long bulky P1Ј-analogues compared with Leu (Mucha et al., 1998) . As shown by its capability to cleave progelatinase A at the natural Asn-Leu but not at a mutated Ile-Val 5245 processing site , MT1-MMP shares the unwillingness to cleave peptide bonds N-terminal of β-branched P1Ј amino acids with the classical MMPs.
Particularly remarkable features of the bovine TIMP-2 component are the quite elongated twisted sA-sB hairpin loop and the negatively charged flexible C-terminal tail. With only 11 conservative residue exchanges ( Figure 5 ), human TIMP-2 is likely to be virtually identical to the bovine molecule. TIMP-4, with 52% sequence identity, might share most of the characteristic topological elements with TIMP-2, and also seems to resemble it with respect to progelatinase A binding (Bigg et al., 1997) . TIMP-3, in spite of a similar 50% sequence identity, exhibits a short sA-sB loop and a long but not negatively charged tail (see Figure 5) ; nevertheless, TIMP-3 is found to bind cdMT1-MMP with a similar association rate as TIMP-2 .
K i -values in the (sub)nanomolar range have been communicated for different MT1-MMP-TIMP-2 complexes (Lichte et al., 1996; Olson et al., 1997; Zucker et al., 1998) . Structure-based correlations of these K i -values with the inhibitor loop-MMP subsite interactions will become possible only when the structures of the free components of the complex become available. According to NMR chemical shift data (Williamson et al., 1997) , the Nterminal TIMP-2 segment, and in particular the long sAsB loop of the isolated N-TIMP-2 molecule, are flexible relative to the main molecular body; presumably, this can also be assumed for both C-terminal edge loops in the full-length inhibitor. Upon complex formation, these edge loops become more rigid, with the sA-sB loop wrapping around the S-loop and snuggling up into the MT1-MMP surface fork. It is possible that the establishment of some of these apparently favourable intermolecular contacts might result in compromises at other interaction sites, as might be reflected by the overall tilt observed for the MT1-MMP-TIMP-2, relative to the MMP3-TIMP-1 complex. More detailed information will be available from the structures of the individual proteins and from designed mutants such as TIMP-2 variants having a truncated sA-sB loop. Interestingly, the formal numbers of intermolecular atom-atom contacts below 4.0 Å and the buried molecular surfaces are relatively similar for cdMT1-MMP-TIMP-2 and cdMMP-3-TIMP-1, in spite of the differences at the sA-sB loops. Indeed, the similar k on -values of TIMP-3 (with a truncated sA-sB loop) with cdMT1-MMP (d 'Ortho et al., 1997) show that the reduced amount of sA-sB contacts might be compensated for by more favourable contacts at other sites. Presumably, such a compensation is not possible for the interaction of TIMP-1 with MT1-MMP. A visual comparison of our crystal structures at least does not indicate serious obstacles that could easily explain the low affinity of TIMP-1 for MT1-MMP. The enormous influence of TIMP-1 residue 2 on the affinity for MMPs (Huang et al., 1997) nicely illustrates how single-site interactions can affect binding.
Our experimental cdMT1-MMP-TIMP-2 complex is furthermore of particular importance in that it represents the soluble part of the membrane receptor required for in vivo activation of progelatinase A. The catalytic MT1-MMP domain itself is able to catalyze this activation (Lichte et al., 1996) , but seems to be effective only at high concentrations of the proenzyme . However, at low, i.e. presumably physiological proenzyme concentrations, an efficient activation seems to require the membrane-anchored MT1-MMP-TIMP-2 complex (Cao et al., 1995) , which probably concentrates the progelatinase A in the vicinity of residual active MT1-MMP molecules (Butler et al., 1998) .
The currently available structures, together with domain and single-site mapping results, allow an outline of this quarternary activation complex to be drawn. In this complex, the haemopexin-like domain of full-length MT1-MMP might be arranged to its catalytic domain in a similar manner as known for full-length porcine MMP-1 (Li et al., 1995; see also Gomis-Rüth et al., 1997) , i.e. with TIMP-2, the catalytic and the haemopexin-like domain of MT1-MMP forming a triangular moiety, which as a whole might be kept close to the outer membrane surface via the trans-membrane segment of the complexed MT1-MMP. A full-length progelatinase A molecule could align to the TIMP-2 base, presumably through electrostatic interactions made between the negatively charged C-terminal tail of TIMP-2 and a positively charged surface patch of propeller blades III/IV including the Lys566, Lys567 and Lys568 cluster of the haemopexin-like domain of gelatinase A (Willenbrock et al., 1993; Kolkenbrock et al., 1994; Gohlke et al., 1996; Butler et al., 1998) . In this way the prodomain of the bound progelatinase A molecule is presented to a second membrane-bound active MT1-MMP molecule in a manner suitable for partial cleavage; the gelatinase A intermediate thus produced could in turn be processed to the mature enzyme by autocatalytic activation cleavage, maybe through another membrane-bound gelatinase A molecule (Brooks et al., 1996) .
Materials and methods
A DNA construct encoding the propeptide, the catalytic domain and the linker to the haemopexin-like domain of proMT1-MMP (Ala21-Ile318, using the cDNA numbering) was expressed as inclusion bodies in Escherichia coli. Upon refolding, the insoluble material yielded the autocatalytically processed catalytic domain cdMT1-MMP (Ile114-Ile318) as described previously (Lichte et al., 1996) . Bovine TIMP-2 (CysI1-ProI194) was isolated from BSP and purified as recently described (Calvete et al., 1996) . The cdMT1-MMP-TIMP-2 complex was formed by mixing equimolar amounts of both components for 2 h in 500 mM NaCl, 5 mM CaCl 2 , 0.1 mM ZnCl 2 , and 20 mM Tris-HCl pH 7.5, and further purified by gel filtration on a Sephadex S-100 column equilibrated with the incubation buffer.
The cdMT1-MMP-TIMP-2 complex was crystallized at a concentration of 10 mg/ml at room temperature in~20 mM BaCl 2 , 10 mM MgCl 2 , 5 mM CaCl 2 , 100 mM NaCl, 100 mM (NH 4 ) 2 SO 4 , 16% w/v PEG 8000, and MES/NaOH at pH 5.6 using the vapour diffusion technique. The plate-like crystals belong to the monoclinic space group C2, and have cell constants a ϭ 102.65 Å, b ϭ 40.10 Å, c ϭ 85.68 Å, β ϭ 102.3°, and contain one complex per asymmetric unit. Initially, these crystals diffract to beyond 2.5 Å resolution.
A complete X-ray data set to 2.5 Å (Table I) was collected from one single crystal mounted together with its mother liquor in a capillary on a MAR Research 300 image plate detector at room temperature using monochromatized CuKα radiation produced by a conventional rotation anode. 73215 reflections were evaluated, merged and scaled with DENZO (Otwinowski and Minor, 1993) yielding 11911 unique reflections to 2.5 Å resolution (Table I ). The structure of the complex was solved by molecular replacement with AMoRe (Navaza, 1994) by independently searching for the orientation and position of the separate components of the complex using modified models of cdMMP-3 and TIMP-1 of our cdMMP-3-TIMP-1 structure (Gomis-Rüth et al., 1997) . After several unsuccessful attempts, the search yielded one outstanding solution (correlation factor 37.5%, R-factor 45.6% at 3.5 Å). The placement of both components of the initial model was further optimized by one round of rigid body refinement with X-PLOR (Brünger, 1992) , followed by energy-restrained positional refinement. The model was completed in several cycles consisting of electron density calculation, (re)modelling on an SGI graphics workstation using TurboFRODO (Roussel and Cambilleau, 1989) , and restrained crystallographic refinement including slow-cooling using X-PLOR (Brünger, 1991) and REFMAC (CCP4, 1994) . In the course of refinement, the data were gradually extended to 2.75 Å (thus omitting the outermost data to 2.5 Å, which did not improve the quality of the Fouriers, see Table I ). At an R value of 30%, 'kickomit' maps calculated and visualized with MAIN (Turk, 1992) helped to trace some badly defined segments. Most solvent molecules interpreted as waters were placed at sites showing high electron density (1σ) and difference density values (2σ) if close to polar protein or solvent groups; in addition, a few density strings extending into the solvent cavities and probably accounting for the C-terminal extensions of both components were filled with a number of non-contacting water molecules. At the end, also individual temperature factors were refined with REFMAC employing strong bonded-atom B-factor restraints. The final model consists of segments Ile114-Ser287 (cdMT1-MMP), CysI1-ProI184 (TIMP-2), 317 water molecules, and two zinc and two calcium ions (Table I) . Short breaks in the continuous electron density accounting for the polypeptide main chains occur in the cdMT1-MMP structure at Arg148 (MT-loop), and in the TIMP-2 structure at ThrI78 (Connector-D loop) and SerI142 (sG-sH). The final R-factor is 18.9%, and the R free determined by random selection of 7% of the data is 24.8%. All main-chain angles of non-glycine residues fall into the conformationally most favoured and allowed regions of the Ramachandran plot (Laskowski et al., 1993) . The r.m.s. deviations from target values (Engh and Huber, 1991) of all protein bond lengths and angles are 0.018 Å and 1.9°. The coordinates will be deposited at the Protein Data Bank and released one year after publication.
